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Description 

[0001] The present Invention relates to a non-linear 
digital-to-analog converter and to a display. Such a con- 
verter may be used to implement an arbitrary non-linear 
function during conversion from the digital domain to the 
analog domain. An example where such a technique 
may be used is in digitally interfaced displays, such as 
active matrix liquid crystal devices (AM LCDs) in which 
an analog voltage for controlling the optical attenuation 
of each picture element (pixel) is generated from digital 
pixel data and compensation for the non-linearity of op- 
tical attenuation versus pixel voltage (gamma correc- 
tion) is provided. 

[0002] Two stage digital-to-analog converters are 
known, for instance from Horowitz et al, "The Art of Elec- 
tronics", Cambridge University Press, 1988. Such con- 
verters may be used to implement a piecewise linear 
approximation to an arbitrary non-linear function, for in- 
stance as suggested by Grzybowski et al, "N on -Li near 
Functions from d.a. Converters", Electronic Engineer- 
ing, July 1 971 , pp 48-51 . Examples of converters of this 
type are disclosed in US 5 191 333 and US 3 997 892 
and Figure 1 of the accompanying drawings illustrates 
such a converter. The converter comprises a store 1 , for 
instance in the form of a k bit latch for a k bit converter. 
The latch has k inputs connected to receive a parallel 
digital input vd(0:k-1). The store is partitioned into m 
most significant bits (MSBs) and n least significant bits 
(LSBs) such that m+n=k. 

[0003] The converter comprises a first digital-to-ana- 
log (D/A) stage 2 and a second D/A stage 3. The first 
stage 2 has an m bit parallel input connected to receive 
the m MSBs from the store 1 and a reference input for 
receiving 2 m +1 reference voltages vr(0:2 m ). The first 
stage 2 comprises an m bit to 2 m line decoder 2a having 
2 m outputs connected to a reference selector 2b. The 
reference selector 2b has outputs for supplying a lower 
bound or limit voltage vi and an upper bound or limit volt- 
age vh to the second stage 3. 

[0004] The second stage 3 comprises a linear D/A 
converter having n inputs connected to the n LSBs of 
the store 1 . The second stage 3 performs a linear D/A 
conversion in the range defined by the upper and lower 
limit voltages vh and vl using the n LSBs. 
[0005] The m MSBs select which of the reference volt- 
ages vr(0;2 m ) are supplied as the limit voltages vh and 
vl. By selecting appropriate values for the reference volt- 
ages, it is possible for the converter to perform non-lin- 
ear conversion using a piecewise linear approximation 
of 2 m linear line segments or elements. 
[0006] A converter of this type may be used to provide 
gamma correction in digitally interfaced AMLCDs. Fig- 
ure 2 is a graph illustrating transmission through a liquid 
crystal pixel in per cent against the voltage applied 
across the pixel and represents a typical transfer func- 
tion. The transfer function is non-linear and requires 
compensation in order for digital data representing grey 



2 

scale to control pixel transmission linearly. Such com- 
pensation may be provided by applying the inverse 
transfer function to that illustrated in Figure 2 and may 
be performed by a converter of the two stage type. 

s [0007] Figure 3 of the accompanying drawings illus- 
trates the inverse function by the broken line curve as 
voltage against digital pixel data for a 6 bit digital input 
vd(0:5). Figure 3 also illustrates a piecewise approxima- 
tion to the inverse function provided by a converter of 

io the type shown in Figure 1 in which k=6, m=3 and n=3. 
Thus, the decoder 2a is a 3 bit to 8 line decoder and 
controls the reference selector 2b to select which two of 
the nine gamma correction reference voltages vr(0:8) 
are supplied to the second stage 3. The three LSBs are 

is used to perform a linear D/A conversion within the limits 
vl and vh selected by the selector 2b. 
[0008] The piecewise linear approximation is illustrat- 
ed by the unbroken curve in Figure 3. Because a fixed 
number m of bits is always used in the first stage 2, the 

20 widths of the individual linear segments or elements (in 
the input domain) are the same. This results in a rela- 
tively poor approximation to the desired function which 
is more apparent in regions where the absolute value of 
the second derivative of the function is higher, ie: where 

25 the function is less linear. Such inaccuracy is illustrated 
at 4 in Figure 3. 

[0009] Cantoni, "Optimal Curve Fitting with Piecewise 
Linear Functions", IEEE Transactions on Computers, 
1 971 , 20(1 ), pages 59-67 discloses a technique for pro- 

30 viding optimal curve fitting for a given number of piece- 
wise linear elements. This results in an approximation 
in which the linear element end-points are positioned at 
calculated locations in the input space. However, this 
solution is inconvenient for two-stage D/A converters in 

35 which it is preferable for the end-points to be positioned 
such that they are separated by a power of 2 bits in the 
input space and further, within the input range of each 
linear element, the number of LSBs which change state 
is the minimum possible. Th e reason for this is the need 

40 for simplicity in the second D/A stage, 

[0010] Figures 4(a) and 4(b) illustrate this issue in 
more detail for a two-stage converter in which k=4, m=2 
and n=2. In each of these drawings, an arbitrary non- 
linear function is represented by a broken line curve and 

45 a curve in unbroken lines represents'a four linear ele- 
ment approximation. The approximation shown in Fig- 
ure 4(a) is of the type provided by the two-stage con- 
verter described hereinbefore in which the four linear el- 
ements are of equal width and each corresponds to 2 

so bits in the input domain. The positioning of the end- 
points ensures that only two LSBs change within the in- 
put space for each of the linear elements 10,11,12 and 
13. For example, for the linear element 11, the inputs 
are 0100, 0101, 0110 and 0111. It is convenient to use 

55 the 2 LSBs for the linear conversion in the second stage 
because they represent values incrementing from 0 (00) 
to full scale (11) for a 2 bit D/A converter Further, be- 
cause this is the case for all of the linear elements, the 
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upper bound end-point vh of one element is the same 
as the lower bound end-point vl of the next linear ele- 
ment, Only five reference voltages are required, ie; one 
more than the number of linear elements. 
[001 1 J Figure 4(b) illustrates a four linear element ap- 
proximation with the linear element end-points located 
at different positions so as to provide a better approxi- 
mation to the desired non-linear function. Two of the lin- 
ear elements demonstrate the additional complexity of 
the second D/A stage caused by the end-point position- 
ing. 

[001 2] For linear element 1 0, the end-points are sep- 
arated by 3 bits in input space; this separation is not 
equal to a power of 2 as would be most convenient. To 
achieve the required conversion, a two bit second D/A 
stage is required operating between reference voltages 
vIO and vhO. The upper bound reference voltage vhO is 
not coincident with the lower bound reference vl1 of the 
next linear element. Extra reference voltages are there- 
fore required. 

[0013] For linear element 11, the inputs are 0011, 
0100, 01 01 and 0110. Although the end-points are sep- 
arated by a power of 2 bits, three LSBs change over the 
range of the linear element and this is greater than the 
minimum possible, which is two for a 4 bit wide linear 
element. 

[0014] A first solution to this problem is to provide a 3 
bit linear D/A converter operating between the referenc- 
es vl1 and vh1 . However, these references do not coin- 
cide with the references of the adjacent linear elements 
so that the total number of references has to be in- 
creased. If this solution is adopted for all of the linear 
elements, a total of eight references is required as 
shown in Figure 4(b). 

[0015] A second solution to this problem involves bit 
manipulation. If 0011 is subtracted from the input bits, 
then a 2 bit D/A converter operating between references 
v!1' and vhV is required. This solution allows the number 
of references to be kept to a minimum but requires com- 
plex bit manipulation circuitry. 

[0016] According to a first aspect of the invention, 
there is provided a non-linear digital-to-analog convert- 
er according to claim 1 . 
(M+N) may be greater than (k+1). 
[0017] The decoding circuit may comprise a fixed M 
bit to 2 m line decoder. 

[001 8] The decoding circuit may comprise a program- 
mable M bit to 2 m line decoder. 
[001 9] The decoding circuit may comprise a reference 
input selector. The reference input selector may com- 
prise first and second selectors for connecting ith and 
(i+1)th reference inputs to the first and second decoding 
circuit outputs, respectively, where 0<i<2 m . 
[0020] The variable resolution converter may com- 
prise a fixed resolution N bit converter and a least sig- 
nificant bit shifter controlled by the decoding circuit. As 
an alternative, the variable resolution converter may 
comprise a fixed resolution N bit converter and a bit ma- 



nipulator. The fixed resolution converter may comprise 
a charge-sharing digital-to-analog converter. 
[0021] The parallel input may comprise a latch, 
[0022] According to a second aspect of the invention, 
5 there is provided a display characterised by comprising 
a data signal generator which includes a data line driver 
including at least one converter according to the first as- 
pect of the invention. 

[0023] It is thus possible to provide a non-linear D/A 
10 converter which is capable of performing digital-to-ana- 
tog conversion while Implementing a non-linear function 
with improved accuracy compared with, for example, 
converters of the type shown in Figure 1 of the accom- 
panying drawings. In particular, it is possible to provide 
15 a piecewise linear element approximation which is a 
closer approximation to a desired arbitrary non-linear 
function without requiring more reference values than 
for the converter shown in Figure 1 of the accompanying 
drawings. 

20 [0024] The improved accuracy is provided by the 
more efficient use of data bits because the resolutions 
of the conversions performed in the two stages can be 
made dependent on the value of the input signal. Thus, 
the widths of the linear elements referred to the input 

25 domain may be different and correspondingly the reso- 
lution of conversion performed within each pair of linear 
element end-points may be different. The more efficient 
use of data bits allows the accuracy to be improved by 
using more bits and reference voltages in the decoding 

30 circuit where the function to be approximated is less lin- 
ear and by using fewer bits and fewer reference voltages 
in the decoding circuit where the function to be approx- 
imated is more linear. Thus, more accurate piecewise 
linear approximations may be performed using the 

35 same number of bits and the same number of voltage 
references as in known arrangements. 
[0025] The invention will be further described by way 
of example, with reference to the accompanying draw- 
ings in which: 

40 

Figure 1 is a block schematic diagram of a known 
type of two-stage D/A converter for performing non- 
linear conversions; 

45 Figure 2 is a graph of transmission in per cent 
against applied voltage for a typical liquid crystal 
display cell; 

Figure 3 is a graph illustrating the inverse of the 
so function shown in Figure 2 and a fixed piecewise 
linear element approximation provided by a con- 
stant resolution D/A converter of the type shown in 
Figure 1; 

55 Figure 4(a) is a graph illustrating an arbitrary non- 
linear function and a piecewise approximation com- 
prising four linear elements arranged such that five 
references are required; 
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Figure 4(b) illustrates the non-linearf unction of Fig- 
ure 4(a) and a more accurate piecewise linear ap- 
proximation using four linear elements but requiring 
eight references; 

Figure 5 is a block schematic diagram of a two- 
stage multi-resolution non-linear D/A converter 
constituting a first embodiment of the invention; 

Figure 6 is a graph illustrating the inverse function 
shown in Figure 3 and a piecewise approximation 
with variable piecewise linear element ranges pro- 
vided by the converter of Figure 5; 

Figure 7 is a block schematic diagram of a two- 
stage multi-resolution non-linear D/A converter 
constituting a second embodiment of the invention; 

Figure 8 is a graph similar to that of Figure 6, but 
illustrates a different piecewise approximation 
which may be provided by the converter of Figure 7; 

Figure 9 is a block circuit diagram of an example of 
the converter of Figure 5 for six bit input data; 

Figure 10 is a circuit diagram illustrating a decoder 
of the converter of Figure 9; 

Figure 1 1 Is a circuit diagram of a multi-resolution 
parallel linear D/A converter of the converter of Fig- 
ure 9; 

Figure 12 is a circuit diagram of a four bit shifting 
circuit of the converter of Figure 9; 

Figure 13 is a block schematic diagram of a two- 
stage multi-resolution non-linear D/A converter 
constituting a third embodiment of the invention; 
and 

Figure 14 is a schematic diagram of a display in- 
cluding a plurality of non-linear D/A converters of 
any of the types shown in Figures 5, 7, 9 and 1 3. 

[0026] Like reference numbers refer to like parts 
throughout the drawings. 

[0027] The non-linear D/A converter shown in Figure 
5 converts k bit digital input words vd(0:k-1) into an an- 
alog output voltage va in accordance with a predeter- 
mined non-linear transfer function. The converter has 
an input in the form of a store 1 , such as a k bit parallel 
latch, whose parallel inputs 1a receive the digital input. 
[0028] The converter comprises a first D/A stage 2 
and a second D/A stage 3. The first stage 2 comprises 
an M bit to 2 m line decoder 2a whose 2 m outputs are 
connected to a reference selector 2b. The decoder 2a 
has M parallel inputs 2c connected to the outputs of the 
M most significant bits (MSBs) of the store 1 . 



[0029] The reference selector 2b has (2 m +1) inputs 
2d which receive reference voltages vr*(0:2 m ). The ref- 
erence selector 2b has first and second outputs 2e and 
2f and comprises first and second selectors controlled 

s by the 2 m outputs of the decoder 2a so as to select which 
of the reference voltages are supplied to the outputs 2e 
and 2f. The selectors are controlled such that "consec- 
utive" references are supplied to the outputs 2e and 2f , 
ie: when the output 2f supplies a value vl equal to vr'(i), 

10 the output 2e supplies a value vh equal to vr J (i+1 ), where 
0 <, l<2 m . The values vl and vh represent the end points 
of linear elements of a piecewise linear approximation 
to the desired non-linear function such that the upper 
end point vh of each linear element coincides with the 

is lower end point vl of the next linear element. 

[0030] The second stage 3 is a variable resolution lin- 
ear digital-to-analog converter and comprises a bit shift- 
er 3a having N parallel inputs 3c connected to the N least 
significant bits (LSBs) of the store 1. The N outputs of 

20 the bit shifter 3a are connected to the N parallel inputs 
of a fixed resolution linear N bit D/A converter 3b whose 
output 3d comprises the output of the non-linear con- 
verter. The linear converter 3b has first and second ref- 
erence inputs connected to the first and second outputs 

25 2e and 2f of the first stage 2. The bit shifter 3a has a bit 
shifting control input connected to an output 2g of the 
decoder 2a for controlling bit shifting by the shifter 3a 
as described hereinafter. 

[0031] The converter shown in Figure 5 thus compris- 
30 es a two stage converter of a type similar to that shown 
in Figure 1 . The parameter m of the converter shown in 
Figure 5 is equivalent to that of the converter shown in 
Figure 1 insofar as this parameter determines the 
number of references vr"(0:2 m ). However, whereas the 
35 decoder 2a of the converter shown in Figure 1 is an m 
bit to 2 m line decoder, the decoder 2a of the converter 
shown in Figure 5 is a M bit to 2 m line decoder, where 
M >m. 

[0032] The second stage 3 of the converter shown in 
40 Figure 1 is a fixed resolution n bit linear D/A converter. 
The second stage 3 of the converter shown in Figure 5 
is a variable resolution converter Including the N bit fixed 
resolution, converter 3b, where N>n. Thus, whereas 
(m+n)=k for the converter of Figure 1 , (M+N)>k for the 
45 converter of Figure 5. Whereas each digital input word 
is partitioned into separate groups of m and n bits, which 
groups are supplied independently to the first and sec- 
ond stages 2 and 3 in the converter of Figure 1 , there is 
no equivalent partitioning in the converter of Figure 5. 
50 instead, one or more of the "intermediate" significant 
bits from the input are supplied to both the first stage 2 
and the second stage 3. 

[0033] The decoder2a is arranged in accordance with 
the non-linear function to decode the M MSBs of the dig- 
55 ital Input in such a way that different numbers of the 
MSBs are used to specify the references selected by 
the selector 2b for different input ranges. As shown in 
Figure 6, this results in the piecewise approximation to 
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the non-linear function being in the form of linear ele- 
ments whose widths in the input domain (ie: parallel to 
the horizontal axis) varythroughoutthe input range. The 
piecewise approximation illustrated by the unbroken line 
in Figure 6 to the non-linear function illustrated by the 
broken line is achieved by the converter shown in Figure 
5 for k=6, m=3, M=4 and N=4. In the input range 0 to 4, 
the four MSBs are used to select reference voltages 
3.38 and 2.60 as the values vh and vl, respectively. The 
remaining two LSBs are then used by the converter 3b 
to perform a linear D/A conversion between these end- 
point values. Similarly, for the input range 4 to 8, the four 
MSBs are used to select the reference voltages 2.40 
and 2.60 as the values vl and vh, respectively, and the 
remaining two bits are used by the converter 3b to per- 
form the linear conversion between these values. 
[0034] For the range 8 to 16, the three MSBs are used 
to select the reference voltages 2.12 and 2.40 and the 
remaining three LSBs are used for the linear D/A con- 
version between these values. For the digital input 
range 16 to 32, the two MSBs are used to select the 
reference voltages 1 .82 and 2.12 as the values vl and 
vh, respectively; and the remaining four LSBs are used 
for the linear D/A conversion between these values. 
[0035] The output 2g of the decoder 2a is used to de- 
termine the bit shifting by the shifter 3a so as to ensure 
that the bits currently being used for the linear conver- 
sion by the converter 3b are received by the converter 
3b as the most significant bits. Thus, conversions of low- 
er resolution than the N bits of which the converter 3b 
is capable are performed by shifting the LSBs such that 
the most significant bit of the LSBs is supplied to the N 
bit converter 3b as the MSB. For example, a conversion 
of (k-M) bit resolution involves a bit shift by the shifter 
3a of (N+M-k) bits. 

[0036] The decoding performed by the decoder 2a is 
such that different numbers of bits between M and (k-N) 
can be used in different ranges of input values to select 
the reference voltages and hence the end-points of the 
linear elements. This determines the number of bits be- 
tween (k-M) and (N) which are used in the linear con- 
version performed by the converter 3b. This allows the 
piecewise linear approximation to approach more close- 
ly the desired non-linear transfer function of the convert- 
er. In particular, the accuracy of the approximation can 
be improved by using more bits in the first stage 2 and 
hence less bits in the second stage 3 in more non-linear 
regions of the function (the digital input ranges 0 to 8 
and 56 to 64 in Figure 6) whereas less bits are used in 
the first stage 2 and hence more bits are used in the 
second stage 3 for more linear regions of the function, 
such as in the input range 1 6 to 48 as shown in Figure 6. 
[0037] The improvement in approximation accuracy is 
illustrated at 4' in Figure 6 as compared with the inac- 
curacy 4 shown in Figure 3 for the known converter 
shown in Figure 1. Although the converter of Figure 1 
and the converter of Figure 5 achieve good approxima- 
tions in the more linear regions of the non-linear transfer 



function, the converter of Figure 5 achieves a substan- 
tial improvement in accuracy compared with the con- 
verter of Figure 1 in the more non-linear regions. The 
approximation to the non-linear function is therefore 

s substantially improved without requiring a higher reso- 
lution digital input (ie: more bits) and without requiring 
further references; the converters of Figure 1 and 5 use 
the same number of references vr(0:2 m ) and vr J (0:2 m ). 
When the converters of Figures 1 and 5 are used as 

10 column digital data drivers of liquid crystal devices, the 
reference voltages provide gamma correction as de- 
scribed hereinbefore. Comparing the gamma correction 
reference voltages in Figures 3 and 6, those for the con- 
verter of Figure 5 are more evenly spaced in the output 

15 domain than those for the converter of Figure 1 . Al- 
though the converter of Figures requires additional cir- 
cuitry compared with the converter of Figure 1 , this is 
far outweighed by the improvement in accuracy of the 
approximation to the non-linear function without requir- 

20 ing additional reference voltages. 

[0038] The converter shown in Figure 7 differs from 
that shown in Figure 5 in that the bit shifter 3a is replaced 
by a bit manipulator 3e. The bit manipulator 3e is ar- 
ranged to add/subtract bits to/from the input so as to 

25 relax the constraintthatthe number of bits which change 
state within each linear element is the minimum possible 
for a given linear element width. Otherwise, the convert- 
er shown in Figure 7 operates in the same way as the 
converter shown in Figure 5 and, in particular, uses the 

so same number of references. 

[0039] Figure 8 illustrates the performance of the con- 
verter of Figure 7 where k=6, m=3, M=5 and N=5. Al- 
though this requires additional circuitry in the decoder 
2a and a 5 bit linear D/A converter 3b as opposed to the 

35 4 bit converter for the parameters of Figure 6, a further 
improvement in the accuracy of the approximation of the 
non-linear transfer function is achieved for a six bit non- 
linear converter again using nine gamma correction volt- 
ages. 

40 [0040] Figure 9 illustrates an application of the con- 
verter shown in Figure 5 to a column digital data driver 
1 0 of an active matrix liquid crystal device (AMLCD) for 
performing D/A conversion and gamma correction to 
correct for the non-linear liquid crystal voltage - optical 

45 transmission transfer function. The parameters for the 
embodiment shown are k=6, m=3, M=4 and N=4. Each 
column of pixels is provided with a driver 1 0. The six bit 
input digital data lines 1 a are common to all of the drivers 
as are the gamma correction voltages at the inputs 2d. 

50 The store 1 is shown as six one bit storage registers or 
latches 11 . Control circuits (not shown) control the tim- 
ing of operation of the driver. In particular, a clock signal 
is supplied at the appropriate instant to cause the latch- 
es 11 of the store 1 to sample and hold the input data 

55 on the input digital data lines 1 a. The four MSBs are sup- 
plied to the input 2c of the first D/A stage 2, which con- 
tains a 4 bit to 8 line decoder for selecting the values vh 
and vl from the nine gamma correction reference volt- 
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ages vr\0:8). The digital input value stored in the store 
1 determines whether the 4 bit parallel converter 3b per- 
forms a 2, 3 or 4 bit linear D/A conversion according to 
the signals on the resolution select lines 2g. The piece- 
wise linear approximation to the desired non-linear 
transfer function is determined by the decoding logic in 
the decoder 2a and the gamma correction reference 
voltages supplied to the inputs 2d. 
[0041 ] Figure 1 0 shows in more detail the decoder 2a 
and the selector 2b. The decoder 2a is a 4 bit to B line 
decoder embodied as a precharge-evaluate tree struc- 
ture. The decoder 2a comprises nodes s(0) to s(7) at 
which the control signals for the reference selector 2b 
are formed. The nodes s(0) to s{7) are connectable via 
N-type metal oxide silicon field effect transistors {MOS- 
FETs) 20 to 27, respectively, to ground under control of 
a pre-clock signal pc supplied to the gates of the tran- 
sistors 20 to 27. The nodes s{0) to s(7) are connectable 
via a fixed decoding arrangement to a power supply line 
VDD. The decoding arrangement is controlled by the 
four MSBs supplied to the input 2c. 
[0042] The node s(7) is connected to the supply line 
VDD via series-connected P-type transistors 28 to 31 . 
The node s(6) is connected via a P-type transistor 32 to 
the connection between the transistors 30 and 31 . The 
node s(5) is connected via a P-type transistor 33 to the 
connection between the transistors 29 and 30. The node 
s(4) is connected via a P-type transistor 34 to the con- 
nection between the transistors 28 and 29. 
[0043] The node s(0) is connected via series-connect- 
ed P-type transistors 35 to 38 to the supply line VDD. 
The node s(1) is connected via a P-type transistor 39 to 
the connection between the transistors 37 and 38. The 
node s(2) is connected via a P-type transistor 40 to the 
connection between the transistors 36 and 37. The node 
s(3) is connected via a P-transistor 41 to the connection 
between the transistors 35 and 36. 
[0044] The gates of the transistors 28 to 31 are con- 
nected to the bit lines vd(5) to vd(2), respectively, of the 
input 2c. The gates of the transistors 35 to 38 are con- 
nected via inverters 42 to 45 to the bit lines vd(5) to vd 
(2), respectively. The gate of the transistor 32 is con- 
nected to the output of the inverter 45. The gate of the 
transistor 33 is connected to the output of the inverter 
44. The gate of the transistor 34 is connected to the out- 
put of the inverter 43, The gate of the transistor 39 is 
connected to the bit line vd(2). The gate of the transistor 
40 is connected to the bit line vd(3). The gate of the tran- 
sistor 41 is connected to the bit line vd(4). 
[0045] The reference selector 2b comprises N-type 
transistors 50 to 65. The gates of the transistors 50 and 
51 are connected to the nodes{7). The gates of the tran- 
sistors 52 and 53 are connected to the node s(6). The 
gates of the transistors 54 and 55 are connected to the 
node s(5). The gates of the transistors 56 and 57 are 
connected to the node s(4). The gates of the transistors 
58 and 59 are connected to the node s(3). The gates of 
the transistors 60 and 61 are connected to the node s 



(2). The gates of the transistors 62 and 63 are connected 
to the node s(1). The gates of the transistors 64 and 65 
are connected to the node s(0). 
[0046] The sources of the transistors 50, 52, 54, 56, 
s 58, 60, 62 and 64 are connected together and to the 
output 2e. The sources of the transistors 51 , 53, 55, 57, 
59, 61 , 63 and 65 are connected together and to the 
output 2f . The drain of the transistor 50 is connected to 
the reference line vr"(8). The drains of the transistors 51 
10 and 52 are connected to the reference line vr*(7), The 
drains of the transistors 53 and 54 are connected to the 
reference line vr"(6). The drains of the transistors 55 and 
56 are connected to the reference line vr^S). The drains 
of the transistors 57 and 58 are connected to the ref er- 
rs ence line vr'(4). The drains of the transistors 59 and 60 
are connected to the reference line vr'(3). The drains of 
the transistors 61 and 62 are connected to the reference 
line vr*(2), The drains of the transistors 63 and 64 are 
connected to the reference line vr'(1). The drain of the 
20 transistor 65 is connected to the reference line vr'(O). 
[0047] The transistors 50, 52, 54, 56, 58, 60, 62 and 
64 act as a first selecting circuit for selecting which of 
the reference voltages is supplied as vh to the output 
2e. Similarly, the transistors 51 , 53, 55, 57, 59, 61, 63 
25 and 65 act as a second selecting circuit for selecting 
which of the reference voltages is supplied as vl to the 
output 2f . 

[0048] The decoder 2a further comprises OR gates 
67 and 68 and a NOR gate 69. The gate 67 has inputs 

30 connected to the nodes s(2) and s(5). The gate 68 has 
inputs connected to the nodes s(3) and s(4). The gate 
69 has inputs connected to the outputs of the gates 67 
and 68. The outputs of the gates 68, 67 and 69 are con- 
nected to the 4 bit, 3 bit and 2 bit resolution select lines 

35 2g for controlling the bit shifter 3a. 

[0049] When a D/A conversion is to be performed, the 
signal pc causes the transistors 20 to 27 to discharge 
the nodes s{0) to s(7). The four MSBs are supplied to 
the input 2c and control the transistors 28 to 41 such 

40 that one and only one of the nodes is charged from the 
supply line VDD. The charged node is connected to two 
of the transistors 50 to 65, which become conductive 
and pass consecutive ones of the reference voltages to 
the outputs 2e and 2f. 

45 [0050] When one of the nodes s(3) and s(4) is 
charged, the gate 68 produces an output indicating that 
a 4 bit resolution conversion is to be performed by the 
converter 3b. When one of the nodes s(2) and s(5) is 
charged, the output of the gate 67 supplies a signal in- 

so dicating that a 3 bit resolution conversion is to be per- 
formed by the converter 3b. When any of the other 
nodes is charged, the outputs of the gates 67 and 68 
are low so that the gate 69 provides a signal indicating 
that a 2 bit resolution conversion is to be performed by 

55 the converter 3b. 

[0051] Figure 11 shows the fixed resolution linear D/ 
A converter 3b in more detail. The converter is of the 
parallel charge-sharing type and comprises a unity gain 
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buffer 70 whose output forms the output 3d of the con- 
verter and whose input Is connected to a first terminal 
of capacitors 71 to 75. The other terminal of the capac- 
itor 71 is connected to a reference line 76 for receiving 
the value vl. The second terminals of the capacitors 72 
to 75 are connectable to the reference line 76 via pairs 
of switches 77 and 78, 79 and 80, 81 and 82, 83 and 84, 
respectively. The switches 78, 80, 82 and 84 are con- 
nected to a control line 85 for receiving a first clock signal 
ckl. 

[0052] The switches 77, 79, 81 and 83 are connected 
to the outputs of the shifter 3a via inverters 86, 87, 8B 
and 89, respectively. 

[0053] The second terminals of the capacitors 72 to 
74 are connected via series-connected pairs of switches 

90 and 91 , 92 and 93, 94 and 95, 96 and 97, respective- 
ly, to a reference line 99 for the value vh. 

[0054] The switches 90, 92, 94 and 96 are connected 
to a control fine 98 for receiving a second clock signal 
ck2. The switches 91 , 93, 95 and 97 are controlled by 
respective outputs of the shifter 3a. The input of the buff- 
er 70 is connectable via a switch 100 controlled by the 
first clock signal ck1 to the refernece line 76. 
[0055] The capacitors 71 to 75 have values C, C, 2C, 
4C and 8C, respectively.. For a 4 bit conversion, the out- 
put signals vd'(0) to vd'(3) are identical to the four LSBs 
vd(0) to vd(3), respectively, ie: the LSB shifter 3a does 
not perform any bit shifting function. The clock signals 
ck1 and ck2 comprise two-phase non-overlapping clock 
signals and control the D/A conversion as follows. 
[0056] When the first clock signal ck1 is active, the 
switches 78, 80, 82, 84 and 100 are closed so that the 
capacitors 71 to 75 are discharged. When the second 
clock signal ck2 is active, the second terminals of the 
capacitors 72 to 75 are connected to the line 76 to re- 
ceive the value vl or to the line 99 to receive the value 
vh according to the logic state of the bits supplied by the 
shifter 3a. For instance, when the bit vd'(0) is at logic 
level 0, the switch 91 is open whereas the switch 77 is 
closed so that the second terminal of the capacitor 72 
is connected to the line 76, Conversely, when the bit vd' 
(0) is at logic level 1 , the switch 77 is open and the switch 

91 is closed so that the second terminal of the capacitor 
72 is connected to the line 99. 

[0057] The output va of the D/A converter 3b is valid 
when the second clock signal ck2 is active. The resulting 
situation can be described by equating the charge in the 
ones of the capacitors 71 to 75 connected to receive vh 
(collectively, denoted as capacitance C vh in the follow- 
ing equations) to the charge in those capacitors which 
are connected to receive vl because both such groups 
of capacitors are connected to the same node, which is 
the non-inverting input of the unity gain buffer 70. Thus: 

C vh (vh-va) = (16C-C vh ) (va-vl) 



va=vl+C vh (vh-vl)/1 6C. 

[0058] Linear D/A conversion is thus performed be- 
s tween the limit values vl and vh. 

[0059] The terminating capacitor 71 is provided to en- 
sure that charge is shared between the correct total ca- 
pacitance of 16C. 

[0060] The bit shifter 3a is shown in more detail in Fig- 
10 ure 12. When the converter 3b is required to perform 
conversions with resolution of less than 4 bits, the bit 
shifter ensures that the most significant bit of the least 
significant bit group is supplied to the converter 3b as 
the most significant bit. For example, if the 4 bit convert- 
's er 3b is required to perform a 2 bit conversion, then the 
bit vd(1) must be used to set the 8C capacitor 75 and 
so must be shifted to the vd'(3) position. 
[0061] The bit shifter comprises P-type MOSFETs 
101 to 109 and N-type MOSFETs 110 to 113. The tran- 
20 sistors 1 01 , 1 04, 107 and 1 09 are connected in series 
between the bit inputs vd(0) to vd(3) and the bit outputs 
vd'(0) to vd'(3), respectively. The transistors 110 to 113 
are connected between the bit outputs vd'(0) to vd'(3), 
respectively, and ground. The transistor 1 02 is connect- 
25 ed between the bit input vd(0) and the bit output vd'(1). 
The transistor 103 is connected between the bit input vd 
(0) and the bit output vd'(2). The transistors 1 05 and 1 06 
are connected between the bit input vd(1) and the bit 
outputs vd'{2) and vd'(3), respectively. The transistor 
30 1 08 is connected between the bit input vd(2) and the bit 
output vd'(3). 

[0062] The gates of the transistors 1 03 and 1 06 are 
connected to the 2 bit resolution select line 114. The 
gates of the transistors 1 02, 1 05 and 1 08 are connected 

35 to the 3 bit resolution select line 115. The gates of the 
transistors 1 01 , 104, 1 07 and 1 09 are connected to the 
4 bit resolution select line 1 1 6, The gates of the transis- 
tors 1 1 0 to 1 1 3 are connected to a line 1 1 7 for receiving 
the pre-clock signal pc. 

40 [0063] The resolution select control signals are active 
when at a logic low level (requiring logical inversion from 
the outputs 2g shown in Figure 10). Prior to operation, 
the signal pc causes the transistors 110 to 113 to dis- 
charge the bit outputs vd'(O) to vd'(3), When the 4 bit 

45 select line 116 is active, the transistors 101, 104, 107 
and 1 09 are conductive whereas the remaining transis- 
tors are no n -conductive. The bit inputs vd(0) to vd(3) are 
therefore connected to the bit outputs vd'(0) to vd'(3), 
respectively. Thus, no bit shifting takes place. 

so [0064] When the 3 bit select line 1 1 5 is active, the tran- 
sistors 102,105 and 108 are conductive whereas the 
other transistors are non-conductive. Thus, the bit in- 
puts vd(0) to vd(2) are shifted to the outputs vd'(1 ) to vd 1 
(3), respectively, resulting in a 1 bit shift. 

55 [0065] When the 2 bit select line 1 1 4 is active, the tran- 
sistors 1 03 and 1 06 are conductive whereas the remain- 
ing transistors are n on -conductive. The bit inputs vd(0) 
and vd(1) are therefore connected to the bit outputs vd' 
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(2) and vd'(3), respectively, resulting in a 2 bit shift. 
[0066] The decoding arrangement shown in Figure 1 0 
is fixed and, in combination with the gamma correction 
reference voltages, determines the piecewise linear ap- 
proximation. This limits the non-linear functions which 
may be approximated in that the linear segment end- 
points can be chosen by selecting appropriate correc- 
tion voltages but the width of the individual linear ele- 
ments with respect to the input domain are fixed by the 
fixed decoding logic of the decoder 2a. 
[0067] The converter shown In Figure 13 differs from 
that shown in Figure 7 in that the fixed decoder 2a is 
replaced by a programmable M bit to 2 m decoder2g hav- 
ing a programming input 2h to allow the linear elements 
to be positioned as required. Thus, the widths of the line 
elements can be set arbitrarily (within the constraint that 
each line element has a width in the input domain of a 
power of 2). Such an adaptable arrangement therefore 
allows a non-linear D/A converter to approximate any 
non-linear function by programming the decoder and se- 
lecting the reference voltages. Thus, the converter is not 
limited to providing gamma correction but has general 
use in approximating non-linear functions. Also, al- 
though the non-linear functions used as examples in 
Figures 6 and 8 are monotonia, the converter may be 
used to approximate non-monotonic functions, such as 
that illustrated in Figure 4(a) and 4(b). 
[0068] Figure 14 illustrates a digitally interface display 
comprising an analogue display matrix 120 of picture el- 
ements (pixels) arranged as rows and columns. The pix- 
els of each row are connected to a common row or scan 
electrode which is connected to a scan signal generator 
121 , The pixels of each column are connected to a com- 
mon column or data electrode which is connected to a 
data signal generator 122. 

[0069] The scan signal generator comprises a timing 
circuit 123 and a scan line driver 124. The timing circuit 
1 23 typically supplies via the scan line driver 1 24 a scan 
signal to each of the scan electrodes in turn so that the 
pixels of the matrix 120 are updated or refreshed a row 
at a time. 

[0070] The data : Signal generator 122 comprises a 
timing circuit 125 and a data line driver 126 connected 
to receive digital image data from an input 1 27. The tim- 
ing circuit 122 typically times the operation of the data 
signal generator so that each row or line of digital video 
data is entered and then supplied via the data line driv- 
ers 1 26 simultaneously to the data electrodes. The data 
line driver 126 comprises a non-linear D/A converter for 
each of the data electrodes. The converter converts the 
digital image data for the pixel to be updated or re- 
freshed and converts this to a corresponding analogue 
quantity, such as voltage, for supplying to the corre- 
sponding pixel column of the matrix 120. Each of the D/ 
A converters of the driver 1 26 is of any of the types de- 
scribed hereinbefore as embodiments of the invention 
and illustrated in the drawings. 
[0071] The analogue display matrix 120 maybe em- 



bodied in any desired technology. For instance, the ma- 
trix 120 may comprise a pixelated liquid crystal device 
and may be of the active matrix type. The non-linear D/ 
A conversion performed by the converters of the driver 
s 126 may be arranged to provide gamma correction so 
as to compensate for the non-linearity of the optically 
tenuation versus pixel voltage characteristic of liquid 
crystal modes capable of providing analogue grey scale. 

10 

Claims 

1 . A non-linear digital-to-analog converter comprising 
a k bit parallel input (1 ), characterised by: a decod- 
es ing circuit (2) having M inputs (2c) connected to the 

M most significant bits of the parallel input (1) and 
being arranged to connect first and second consec- 
utive ones of (2 m +1) reference inputs (2d) to first 
and second outputs (2e, 2f), respectively, where 

20 M>m; and a variable resolution linear digital-to-an- 
alog converter (3) having first and second reference 
inputs connected to the first and second decoding 
circuit outputs (2e, 2f), respectively, and N digital 
inputs (3c) connected to the N least significant bits 

25 of the parallel input (1 ), where (M+N)>k. 

2. A converter as claimed in Claim 1 , characterised 
in that(M + N)>(k+1). 

30 3. A converter as claimed in Claim 1 or 2, character- 
ised In that the decoding circuit (2) comprises a 
fixed M bit to 2 m line decoder (2a). 

4. A converter as claimed in Claim 1 or 2, character- 
's ised In that the decoding circuit comprises a pro- 
grammable M bit to 2 m line decoder (2g). 

5. A converter as claimed in any one of the preceding 
Claims, characterised in that the decoding circuit 

40 (2) comprises a reference input selector (2b). 

6. A converter as claimed in Claim 5, characterised 
in that the reference input selector (2b) comprises 
first and second selectors (50-65) for connecting ith 

45 and (i+1)th reference inputs (vr , (o),...,vr*(8)) to the 
first and second decoding circuit outputs (2e, 2f), 
respectively, where 0£i<2 m . 

7. A converter as claimed in any one of the preceding 
so claims, characterised In that the variable resolu- 
tion converter (3) comprises a fixed resolution N bit 
converter (3b) and a least significant bit shifter (3a) 
controlled by the decoding circuit (2). 

55 8. A converter as claimed in any one of Claims 1 to 6, 
characterised tn that the variable resolution con- 
verter (3) comprises a fixed resolution N bit convert- 
er (3b) and a bit manipulator (3e). 
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9. A converter as claimed in Claim 7 or 8, character- 
ised in that the fixed resolution converter (3b) com- 
prises a charge-sharing digital-to-analog converter 
(70-100). 

10. A converter as claimed in any one of the preceding 
claims, characterised in that the parallel input 
comprises a latch (1). 

11 . A display characterised by comprising a data sig- 
nal generator (1 22) which Includes a data line driver 
(126) including at least one converter as claimed in 
any one of the preceding claims. 



PatentansprUche 

1. Nichtlinearer Digital-Analog-Wandler mit einem 
parallelen k-Bit-Eingang (1), gekennzelchnet 
durch: eine Decodierschaltung (2) mit M Eingan- 
gen (2c), die mit den M hochstsignifikanten Bits des 
parallelen Eingangs (1 ) verbunden sind, und die so 
ausgebildet ist, dass sie von (2 m +1 ) Bezugseingan- 
gen (2d) einen ersten und einen zweiten, die auf- 
einanderfolgend, mit einem ersten bzw. einem 
zweiten Ausgang (2e, 2f) verbindet, wobei M>m gilt; 
und einen linearen Digitai-Analog-Wandier (3) mit 
variabler Auflosung mit einem ersten und einem 
zweiten Bezugseingang, die mit dem ersten bzw. 
zweiten Ausgang (2e, 2f) der Decodierschaltung 
verbunden sind, und mit N digitalen Eingangen (3c), 
die mit den N geringstsignifikanten Bits des paral- 
lelen Eingangs (1) verbunden sind, wobei (M+N)>k 
gilt. 

2. Wandler nach Anspruch 1 , dadurch gekennzelch- 
net, dass (M+N)>(k+1) gilt. 

3. Wandler nach Anspruch 1 oder 2, dadurch ge- 
kennzelchnet, dass die Decodierschaltung (2) ei- 
nen festen M-Bit-auf-2 m -Zeilendecodierer (2a) ent- 
halt. 

4. Wandler nach Anspruch 1 oder 2, dadurch ge- 
kennzelchnet, dass die Decodierschaltung einen 
programmierbaren M-Bit~auf-2 m -Zeilendecodierer 
(2g) enthalt. 

5. Wandler nach einem der vorstehenden Ansprtiche, 
dadurch gekennzelchnet, dass die Decodier- 
schaltung (2) einen Bezugseingangs-Selektor (2b) 
aufweist. 

6. Wandler nach Anspruch 5, dadurch gekennzelch- 
net, dass der Bezugseingangs-Selektor (2b) erste 
und zweite Selektoren (50 - 65) aufweist; um den i- 
ten und den <i+1)-ten Bezugseingang (vr'(O), vr* 
(8)) mit dem ersten bzw. zweiten Ausgang (2e, 2f) 
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der Decodierschaltung zu verbinden, wobei 0<i<2 m 
gilt. 

7. Wandler nach einem der vorstehenden Ansprtiche, 
5 dadurch gekennzelchnet, dass der Wandler (3) 

mit variabler Auflosung einen N-Bit-Wandler (3b) 
mit fester Auflosung und eine von der Decodier- 
schaltung (2) gesteuerte LSB (geringstsignifikantes 
Bit-Verschiebestufe 3a) aufweist. 

10 

8. Wandler nach einem der Ansprtiche 1 bis 6, da- 
durch gekennzelchnet, dass der Wandler (3) mit 
variabler Auflosung einen N-Bit-Wandler(3b) mit fe- 
ster Auflosung und einen Bitmanipulator (3e) auf- 
weist. 

9. Wandler nach Anspruch 7 oder 8, dadurch ge- 
kennzelchnet, dass der Wandler (3b) mit fester 
Auflosung einen Digital-Analog-Wandler (70 - 100) 

20 mit gemeinsam genutzter Ladung aufweist. 

10. Wandler nach einem der vorstehenden Ansprtiche, 
dadurch gekennzelchnet, dass der parallele Ein- 
gang eine Latchstufe (1) aufweist. 

11. Display, dadurch gekennzelchnet, dass es einen 
digitalen Signalgenerator (122) aufweist, der einen 
Datenleitungstreiber (126) mit mindestens einem 
Wandler enthalt, wie er in einem der vorstehenden 

30 AnsprOche beansprucht ist. 



Revendicatlons 

35 1 . Convertisseur nume>ique / analogique non Iin6aire 
comportant une entree parallele de k bits (1), ca- 
racterise par: un circuit de decodage (2) ayant M 
entries (2c) reli6 aux M bits les plus signiftcatifs de 
I'entrSe parallele (1) et etant agence de facon a re- 

40 lier des premiere et seconde entrees consecutives 
parmi (2 m +1 ) entrees de reference (2d) a des pre- 
miere et seconde entrees (2e, 2f), respect ivement, 
M 6tant supirieur a m; et un convertisseur num6ri- 
que/analogique line>afre a resolution variable (3) 

45 ayant des premiere et seconde entrees de referen- 
ce relives aux premiere et second sorties (2e, 2f), 
respectivement, du circuit de decodage, et N en- 
trees numeriques (3c) reliees aux N bits les moins 
significatifs de I'entree parallele (1), avec (M+N) > 

so ak. 

2. Convertisseurselon larevendication 1 , caracterise 
en ce que (M+N) > a (k+1). 

55 3. Convertisseur selon la revendication 1 ou 2, carac- 
terise en ce que le circuit de decodage (2) com- 
porte un decodeur fixe de M bits / 2 m lignes (2a). 



q 
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Convertisseurselon la revendication 1 ou 2, carac- 
terlse en ce que le circuit de decodage comport e 
un decodeur programmable de M bits / 2 m iignes 
(2g). 

Convertisseurselon Tune quelconque des revendi- 
cations precedentes, caracterlse en ce que le cir- 
cuit de decodage (2) comports un selecteur d'en- 
tree de reference (2b). 



10 



6. Con vertisseur selon la revendication 5, caracterlse 
en ce que le selecteur d'entree de reference (2b) 
com porta des premiers et seconds selecteurs 
(50-65) pour relier des ieme et (i+1 )eme entrees de 
reference (vr'(o), vr'(B)) aux premiere etseconde 15 
sorties (2e, 2f), respectlvement, du circuit de deco- 
dage, avec 0 £ i < a 2 m . 

7. Convertisseur selon Tune quelconque des revendi- 
cations precedentes, caracterlse en ce que le con- 20 
vertisseur a resolution variable (3) comporte un 
convertisseur de N bits a resolution fixe (3b) et un 
disposltif de decalage de bit le moins significant (3a) 
commande par le circuit de decodage (2). 

25 

8. Convertisseur selon I'une'quelconque des revendi- 
cations 1 a 6, caracterlse en ce que fe convertis- 
seur a resolution variable (3) comporte un conver- 
tisseur de N bits a resolution fixe (3b) et un mani- 
pulateur de bits (3e). 30 

9. Convertisseur selon la revendication 7 ou 8, carac- 
terlse en ce que le convertisseur a resolution fixe 
(3b) comporte un convertisseur numerique/ analo- 
gique a partage de charges (70-100). 35 

10. Convertisseurselon Tune quelconque des revendi- 
cations precedentes, caracterlse en ce que Ten- 
tree parallele comporte un verrou (1). 

40 

1 1 . Dispositif d'affichage, caracterlse en ce qu'il com- 
porte un generateur de signaux de donnees (122) 
qui comprend un dispositif de commande de ligne 
de donnees (1 26) comprenant au moins un conver- 
tisseur selon Tune quelconque des revendications 45 
precedentes, 
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